Abstract An important decision for policy makers is selecting strategic petroleum reserve sites. However, policy makers may not choose the most suitable and efficient locations for strategic petroleum reserve (SPR) due to the complexity in the choice of sites. This paper proposes a multi-objective programming model to determine the optimal locations for China's SPR storage sites. This model considers not only the minimum response time but also the minimum transportation cost based on a series of reasonable assumptions and constraint conditions. The factors influencing SPR sites are identified to determine potential demand points and candidate storage sites. Estimation and suggestions are made for the selection of China's future SPR storage sites based on the results of this model. When the number of petroleum storage sites is less than or equals 25 and the maximum capacity of storage sites is restricted to 10 million tonnes, the model's result best fit for the current layout scheme selected thirteen storage sites in four scenarios. Considering the current status of SPR in China, Tianjin, Qingdao, Dalian, Daqing and Zhanjiang, Chengdu, Xi'an, and Yueyang are suggested to be the candidate locations for the third phase of the construction plan. The locations of petroleum storage sites suggested in this work could be used as a reference for decision makers.
Introduction
Oil, known as the lifeblood of industry, is a strategic raw material as well as a major source of energy supporting economic and social development (Karl 2007) . The first of three oil crises began in 1970s, causing higher prices and a stagnant global economy (Helm 2002) . Accordingly, western countries began to store emergency petroleum reserves (Fan and Zhang 2010) . With the expansion in scale, a strategic petroleum reserve is considered as an effective tool to improve energy security and alleviate price fluctuations (Hubbard and Weiner 1985) . According to the reserve agreement, 28 countries of the International Energy Agency were required to hold 90 days of net oil imports for their respective countries. As a second-largest oil consumer in the world, energy security in China is among the most serious challenges due to its increasing oil dependency (Dong et al. 2017) . Additionally, the geopolitical impacts of OPEC on oil supply and prices are a significant factor for China to have its own SPR (Chen et al. 2016) . Following other nations' establishment, China has built its own SPR to ensure that its oil supply will not be disrupted. The preliminary work on China's SPR was prepared in 1993, approved by the government in 2003, and commenced in 2004 (Jiao et al. 2014 ). The timeline of China's SPR program is shown in Fig. 1 . According to China's stated policy on SPR, the country is expected to build storage capacity equivalent to 90 days of its net imports in three phases over 15 years. In reality, China has delayed completion of the second phase until 2020 (Park 2015) . Generally, the establishment of an SPR in China has helped in dealing with oil crises and ensuring energy and economic security.
An SPR project is a complex system, and many practical questions need to be answered (Davis 1981) . The selection of the petroleum reserve sites has a profound effect on SPR program operation. Not all locations are appropriate, so it is important for policy makers to identify the most suitable and efficient locations. Based on China's SPR construction status (Fig. 2) , four reserve sites were selected in Phase I, locating in the coastal cities of Zhenhai, Zhoushan, Huangdao, and Dalian. Eight reserve sites in Phase II are planned for inland areas, including Tianjin, Jinzhou, Dushanzi, Xishan, Lanzhou, Jintan, Huizhou, and Zhanjiang. The third selection will likely be located in Wanzhou, Henan, Caofeidian, and Tianjian (Wu and Wang 2012) . Three criteria affect the location selection at which China stores its purchased oil. The first is transportation convenience. Most sites are not only key petroleum import harbors but also near substantial demand centers, so the oil can be transported with low transportation costs and a short response time; the second factor is achieving maximum safety. The apparent move from coastal cities to inland is in consideration of increased safety for the SPR in underground tanks scattered around the country (Wu 2014) . Third, the location distribution is closely associated with the layout of oil consumption and the routes of imports (Zhu 2007) . Today, the preparatory work for the third phase has been launched and the sites selections are still being determined. How to decide on the storage sites rationally and scientifically is a practical issue we need to consider to achieve the full strategic, economic, and social benefits of the SPR program.
SPR site location is categorized as an emergency facility location problem (Farahani et al. 2012) . The p-median method, p-center method, and covering method are widely used in the literature to decide emergency facility locations (Toregas et al. 1971; Roth 1969; Li et al. 2011) . However, these discrete methods are proposed based on single objective such as minimum time and distance. With regard to the SPR site selection, there is limited related research. Zhang et al. (2008) presented an uncertain planning model to determine the location of SPR sites with minimal cost of transport based on hybrid intelligent algorithms. Based on fuzzy comprehensive evaluation and maximal covering models, Chen suggested 14 candidate cities for China's second and third SPR construction (Chen 2010) . Compared with these methods, the prominent advantage of the multiobjective model is that it takes full consideration of cost and time (Wilson et al. 2013) . The comparisons between this study and other facilities location study are given in Table 1 (De Vos and Rientjes 2008) . Accordingly, this paper presents a time and cost multi-objective programming model to identify the optimal SPR storage site locations and guide the construction of SPR in China.
Factors influencing SPR storage site location
Generally, the location decision for an SPR storage site should consider the economic considerations and other noneconomic considerations, such as safety, efficiency, and fairness. Among them, cost and time minimization is the two most important factors in the choice of a particular place to locate the SPR. In other words, the SPR site should be optimally located to achieve the minimum response time and construction cost (Dong et al. 2013) . Because the SPR is characterized by providing emergency oil, the time to access the emergency oil supply must be as short as possible (Oregon 2003) . Furthermore, as a construction project, reducing the construction cost is regarded as a basic goal in SPR site selection. With regard to the factors affecting SPR storage sites, it is necessary to take into consideration all the relevant factors. Niu indicated that five factors affected the location decision, including military benefit, economic benefit, transportation convenience, sustainability, and compatibility (Niu et al. 2010 ). According to Li and Tan, SPR storage site location should satisfy two principles: absorbing the imported oil and quickly transporting it to a refining center (Li and Tan 2002) . In addition, the accessibility of the oil resource, the convenience of transportation, the superiority of storage, and the effectiveness of releasing the emergency oil should be taken into account in location decisions. Based on the previous work, the major factors influencing location are discussed below:
• Availability of petroleum resources in determining the reserve location for the SPR, the availability of Shanshan SPR site has a design storage capacity of 8 million cubic meters.
Lanzhou SPR site has a design storage capacity of 3.0 million cubic meters.
Jintan SPR site has a design storage capacity of 2.5 million cubic meters.
Huizhou SPR site has a design storage capacity of 5 million cubic meters.
Zhanjiang SPR site has a design storage capacity of 7.0 million cubic meters.
Jinzhou SPR site has a design storage capacity of 3.0 million cubic meters.
Dalian SPR site has a storage capacity of 3.0 million cubic meters and stores 2.17 million barrels.
Huangdao SPR site has a storage capacity of 3.2 million cubic meters and stores 2.5 million barrels.
Zhoushan SPR site has a storage capacity of 5.0 million cubic meters and stores 3.89 million barrels.
Zhenhai SPR site has a storage capacity of 5.2 million cubic meters and stores 3.78 million barrels.
Tianjin SPR site has a design storage capacity of 10 million cubic meters. Fig. 2 petroleum resources is of vital importance, because the availability can ensure emergency supply and reduce the cost of production. The basic requirement for a reserve site is that it can hold enough petroleum to address supply disruptions (Bai et al. 2016a, b) .
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• Proximity to refining centers policy makers must consider nearness to refining centers. Petroleum is difficult to transport over long distances so an SPR should be located in close proximity to refining centers. Locating reserve sites near refining centers can reduce transportation cost and reduce response time (Majid et al. 2016 ).
• Convenience of transportation convenience of transportation also influences the SPR storage sites. The four modes of petroleum transportation (pipeline, water, rail, and road) play a significant role. Thus, the junction points of these transport types become priority areas for SPR location (Niu et al. 2013 ).
• Petroleum storage consideration petroleum storage consideration refers to storing the petroleum safely in natural and climatic conditions. These factors can influence the location of an SPR storage site. Stable geological conditions with underground petroleum storage caverns can provide an added advantage over conventional storage tanks in ensuring the storage security of the SPR (Tillerson 1979 ).
• Distance between reserve site and demand center the distance between the reserve site and demand center is associated with the effectiveness of SPR release. A long distance not only causes response time delay but also increases transportation cost. Accordingly, the reserve site should be located as close as possible to the demand center (Williams 2008 ).
• Strategic considerations as petroleum is a strategic commodity, strategic consideration is important in determining the SPR storage site location. The location decision should be consistent with the strategic planning for development with coverage as complete as possible (Bai et al. 2016a, b) .
As mentioned above, the influencing factors address three aspects: demand point information, reserve site information, and information related to both (Liu et al. 2014) . The information about demand points refers to the geographic location and the amount of emergency petroleum demand. The reserve site information contains the location and storage capacity. The distance between demand point and reserve site and the transportation conditions also have an effect on SPR site selection.
Methodology

Data
Demand points information
Based on the analysis of factors affecting site location determination and following the principle of proximity, we collected the information about SPR emergency demand points in terms of geological location and demand amount. According to the Chinese Statistical Bureau report in 2014, there were over 260 refineries (CNPC 2015) . As the largest refinery companies, CNPC and Sinopec accounted for 28% and 38%, respectively, of the refining capacity. Furthermore, CNOOC, Yanchang Shaanxi Petroleum, and local enterprises played a significant role in Chinese refining (The Oxford Institute for Energy Studies 2016). Therefore, we selected 64 refineries located in 52 cities as the SPR demand points, as shown in Table 2 . The demand amount is calculated by indicators based on the petroleum selfsufficiency ratio, risk probability, and transportation distance (Martínez-Palou et al. 2011) . To ensure the 90 days of SPR supply, the reserve amount is assumed to equal the demand amount. Due to the limitation of data availability, this demand amount for each point is calculated based on data from 2012 when 270 million tonnes of imported crude oil were imported. Furthermore, the distribution of emergency demand of each city should follow the industry production ratio. The results are given in Table 3 .
Candidate reserve site location
According to the regulation of National Petroleum Reserve in China, the reserve location should ensure the supply of emergency SPR efficiently and safely. Based on Liu, the candidate reserve site location is determined by three indicators: the flow function, the spatial structure, and the flow track. Table 4 shows the function types of crude oil flow in China based on calculation of the oil self-sufficiency ratio and liquidity ratio. The spatial structure of oil flow is consistent with the petroleum distribution in China, including source system, transit system, and sink system, as shown in Fig. 3 . Taking the above factors into consideration, 55 prefecture-level cities are listed as candidate SPR sites in China. The detailed information is shown in Table 5 . Specifically, the candidate sites include 17 coastal harbors, 18 input origins, 5 terminal hinges, 6 inland ports, and 9 intersecting regions. The selected site locations cover nearly all the key areas of petroleum resource mobility. Pet. Sci. (2017) 14:622-635 625 
Distance calculation
Petroleum transport is a major component of an SPR system with a range of transportation options available, including railway, pipeline, highway, and water networks. Considering the wide range of cities involved and the incomplete information on pipeline networks, we calculated the shortest distance between the demand point and candidate site based on the shortest path theory of railway mileage. The result is shown in Table 6 .
Selection criterion
In the SPR site selection model, four important parameters should be discussed. The first parameter refers to the time the reserve site needs to respond to an emergency demand.
In terms of economic and safety considerations, the candidate location can cover the demand point once. The storage capacity parameter of candidate reserve sites depends on the maximum and minimum capacity. Considering the limitation of SPR storage capacity, two maximum storage scenarios of 10 and 8 million tonnes are discussed based on Liu, which should outweigh the minimum capability (C1 million tonnes). Then, the emergency response time should be evaluated on the basis of the average railway speed (90-100 km/h), so the response range is assumed to 900 km. The last parameter is the reserve numbers. Too few or too many reserve sites will affect the scheme. This paper will discuss 20 or 25 reserve sites considering the current status of and prospects for SPR construction. 3.2 SPR site location model
Problem description
First, we define two sets, G and F, which are the function of potential demand points and reserve sites, respectively. G and F assume that the geographic location of the demand points and reserve sites, the distance between them, and the transportation costs are known. To provide emergency petroleum with minimal time and cost, the problem is to determine numbers of reserve sites from among the optional locations.
Assumptions
We have based our model on several assumptions as follows:
• The model is categorized to the discrete allocation problem, comprising various optional demand points and reserve sites.
• The demand points are evaluated by geographic location and amount of petroleum demand.
• Petroleum demand volume for each point is fixed.
• The storage capacity for each optional reserve site is limited by the maximum and minimum volume. The construction scale of reserve sites is restricted to the storage capacity.
• A demand point is supported by the reserve site under the assumption that the coverage frequency equals 1.
• The amount of petroleum supply from the reserve site should meet the demands under the coverage.
• The supply volume of the selected reserve site should be less than or equal to its maximum storage capacity.
• The transfer velocity is constant; that is, the transfer distance has an equivalence relation with transfer time.
• In reality, the location and construction of reserve sites satisfy the standard of technology that all the reserve sites are consistent with the technical standards. 
Symbol
The SPR storage site selection model can be expressed as follows:
(1) Indices symbols
. . .; m f gis a set of SPR demand points; F ¼ F j j ¼ j 1; 2; . . .; n È É is a set of optional SPR storage sites;
(2) Parameters symbols w i is crude demand of SPR i 2 G; C À j and C þ j are the minimum and maximum storage capacity of reserve sites j 2 F; P is the constant parameters of the optional reserve sites; d ij is the distance between demand point i and candidate reserve site j; k is the emergency response time; C is the total volume of SPR storage capacity in the country; 
Objectives
An SPR storage site location model is a decision-making tool for identifying reserve locations in a landscape to achieve two objectives: minimum response time and minimum construction cost. Based on the current construction situation and the experience of other countries, the location should be near convenient traffic connections and refineries, which can decrease the response time and save costs. The first objective is the shortest response time, which means the distance between the emergency demand point and its nearest emergency reserve point is minimized. The formula can be described by the p-center model as follows (Current et al. 1990) :
The second objective is minimum response cost, which aims to ensure that the total weighted distance between each demand node and its closest reserve site is minimized. The p-median model is applied to minimize the response cost, which can be expressed as follows (Mladenović et al. 2007 ):
Constraints
A modeling constraint is a requirement for a candidate solution based on the objective function. In the SPR site selection model, the candidate base should be subject to the following constraints. Constraint (3) indicates that the distance between the SPR site and SPR demand should be less than the maximum L; Constraint (4) ensures the existing relation until the candidate site is selected. Constraint (5) means the frequency of the SPR site will be covered. Constraint (6) limits the total number of selected SPR sites. Constraints (7) and (8) present the volume limitation for SPR demand and supply, respectively.
x ij y ij ð4Þ
x ij 2 0; 1 f g; y ij 2 0; 1 f g:
Multi-objective model for SPR site selection
Combining the objectives and constraints, a time-cost multi-objective model for SPR site selection is elaborated. Furthermore, some constraints should be clarified in considering the current construction situation. Specifically, Constraint 4 should be modified so the value is less than P, and Constraint 6 indicates the volume of SPR demand, which is equal to C.
Algorithms
As a discrete objective decision-making model, the algorithm of goal programming is presented to solve the multiobjective problem (Aouni and Kettani 2001) . Then, the analytic hierarchy process is applied to determine the weights of each objective. Finally, Lingo software is used to obtain the results.
Results and discussion
Results
Based on the SPR site location model, the optimal solution for the first and second objective function is calculated by Lingo, V Under the conditions of the emergency delivery distance of 900 km, the total number of reserve sites (20 or 30), and the storage capacity (800 or 1000), Figs. 4 and 5 present the results of optimal SPR site locations selected from candidate cities under two scenarios. Considering the equal significance of fairness and efficiency, the weight value of the two objectives equals to 0.5 applied in the multi-objective programming model, which consults Zhang et al. for a reference (Zhang et al. 2008 ).
Discussion
4.2.1 Four-scenario discussion Table 7 shows the selected results under four scenarios. For scenario 1, the assumption is that the upper limits of the reserve numbers and storage capacity are 20 and 1000 (P 20; C 1000), respectively. Nineteen cities are selected as the final reserve sites. Among them, eight coastal ports and seven cities belong to the flow nodes; inland ports and intersection make up only two. To some extent, these locations are consistent with China's SPR reality by excluding Shanshan and Lanzhou. For scenario 2 (P 20; C 800), the results contain eight coastal ports and eight flow node cities; the number of both inland port and transit is two. However, compared with the current locations, the model does not select Shanshan, Lanzhou, Qingdao, Jinzhou, or Huizhou. For scenario 3 (P 25; C 1000), 21 cities are selected. Among them, five types of cities (coastal harbors, source, nodes, inland port, and transit) are nine, seven, seven, two, and three, respectively. The selection performs without Shanshan and Lanzhou and the scale. In scenario 4 (P 25; C 800), 23 cities are selected, including eight coastal harbors, nine source regions, nine source nodes, two inland ports, and four transits. However, Shanshan, Lanzhou, Qingdao, Jinzhou, and Huizhou do not feature in these results.
The results of scenarios 1 and 3 are superior to those of scenarios 2 and 4. Regarding the objective value, the maximum 10 million tonnes of storage capacity performs better than the maximum 8 million tonnes capacity. Therefore, for layout scheme matching, the scenario of the number of reserve sites being less than or equal to 25 and, meanwhile, the maximum capacity of reserve sites being 10 million tonnes provides the best the result.
Furthermore, 13 cities are selected in four scenarios, including Fuzhou, Dalian, Shanghai, Tianjin, Ningbo, Daqing, Xining, Xi'an, Dushanzi, Yueyang, Nanjing, Cangzhou, and Chengdu. Accordingly, the future construction work should mainly focus on these cities. In addition, concerning storage scales, Shanghai, Dalian, Tianjin, Ningbo, Xi'an, and Nanjing play an important role in reserving responsibility.
Model reliability and limitations
Model reliability can be verified because six cities in scenario 3 are in accordance with reality. Therefore, the results of scenario 3 should be adopted, taking full consideration of Tianjin, Qingdao, Dalian, Daqing, and Zhanjiang as future reserve sites. Meanwhile, Chengdu, Xi'an and Yueyang are expected to take reserve responsibility in China's SPR Phase III.
In fact, the SPR storage site location model is limited by several assumptions and constraints. For example, each parameter may change (storage capacity, distance) due to Red bar chart represents the scenario 1 (reserve sites B20, storage capacity B1000 ten thousand tonnes). Blue bar chart represents the scenario 2 (reserve sites B20, storage capacity B800 ten thousand tonnes) Pet. Sci. (2017) 14:622-635 631 economic, policy, and environmental influences, which can affect the accuracy location selection. However, considering the accessibility of domestic data, the model is only suited to a certainty situation. Generally, the emergency facility location model with uncertainty may estimate the locations more accurately. Although the SPR storage site location model takes into account the main influencing factors, the details of each reserve site, such as reserve type, reserve capacity, and future planning, are not discussed. Thus, policy makers should apply this model when more data are available to guide the SPR construction.
Conclusions
Determining optimal SPR storage site locations is an important and complicated problem. This study focuses on the problem of locating SPR storage sites in China. The location goals and influencing factors must be considered for resource accessibility, emergency efficiency, and a plausible spatial pattern. We have made assumptions which might overlook many features of China's SPR construction. However, our application of the reserve site selection model generates many reasonable sites for future consideration. We believe that it can provide decision makers with a useful reference for Chinese SPR Phase III construction. The main results obtained for the SPR storage site location model are as follows:
(1) The choice of SPR location is based on the minimum response time and minimum construction cost. The selection is based on the principles of justice, transparency, and efficiency. To achieve the goals, information about demand points and reserve sites and other related resources is explored for reserve site location determination. (2) Combined with the basic facilities location models, a multiple-objective programming model for SPR storage site location that satisfies the limitations of a set of constraints, such as reserve scale, storage Fig . 5 Selection results in scenarios 3 and 4. Yellow bar chart represents the scenario 3 (reserve sites B25, storage capacity B1000 ten thousand tonnes). Green bar chart represents the scenario 4 (reserve sites B25, storage capacity B800 ten thousand tonnes) 
